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FORWARD

This volume consists of a discussion of Fluid Properties

(Chapter l) and a descriptionof the available Heat Pipe Computer Codes

(Chapter 2).. Appendix A contains appropriate InternationalScientific

Unlts (SI) and Conversion Factors. The Users Manual for the Heat Pipe

Fluid Prope_ies Program (HPF) which is used to generate the fluid

property data is presented in Appendix B. Tabulated fluid property data

are listed in Appendix C.
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FLUID PROPERTIES

CHAPTER 1

This chapter presents physical property data and derived parameters for working fluids

which have been used extensively in both aerospace and terrestrial applications. Data for

a total of thirty (30)fluids is tabulated. The following invariable properties are listed

in Table l-] for each of these fluids in both International Scientific Units (SI) and in

British Engineering Units (BE).

(I) Chemical Formula

(2) Molecular Weight

(3) Melting Temperature

(4) Normal Boiling Temperature

(B) Crltlca] Temperature

(6) Critical Pressure

References for each fluid are also presented in Table l-l. The fluids are listed in the

order of their ascending melting points and are divided into three groups based on their

operating temperature range. The three groups have been defined as follows:

GROUP l - Cryogenic and Low Temperature Range, 0 - 350°K

GROUP 2 - Ambient and Intermediate Temperature Range, 200 - 600°K

GROUP 3 - High Temperature Range, 600 - 3000°K

Most aerospace applications to date have required the use of cryogenic, low tempera-

ture, and ambient working fluids with ammonia being used most extensively. Methanol and

Freon 22 systems have also been flown and copper/water heat pipes are being developed for

Radioistope Thermoelectric Generator (RTG) radiator fins. The n-parafflns, particularly

methane and ethane, have been prime candidates for low temperature applications. Nitrogen

and oxygen have been tested in a number of cryogenic heat pipes, and a hydrogen system is

presently being developed.

Water and ammonia have been utilized in ambient temperature terrestrial applications

such as electronic cooling, highway deicing, and permafrost stabilization. Heat recovery

systems which tend to operate in the intermediate temperature range have employed a

variety of refrigerants (Freons) and heat transfer fluids (Dowtherms). The aromatic

organics such as toluene, xylene, and napthelene are also used in these applications. High

temperature applications such as solar collectors, furnace mufflers, and industrial heat

recovery tend to utilize the liquid metals exclusively, particularly sodium and potassium.

Heat pipe systems utilizing all of the liquid metals that are listed have been developed.
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Recently, Saaski (15), has compiled a list of fluids which are thermally stable and

are suited for operation In the intermediate temperature range of 373 to 623°K. Four

distinct chemical groups were identified

(1) Alphatic hydrocarbons

(Z) Aromatic hydrocarbons

(3) Halogenated hydrocarbons

(4) - Inorganic molecular fluids

Unfortunately, the property data for these fluids Is limited and a tabulation of fluid proper-

ties or an appropriate comparison with the fluids presented in Table l-I cannot be made at

this time.

The following properties are compared for the various fluids within a given group in

Figs. l-I through 1-12. Table I-2 lists the properties that were extrapolated and the range

of extrapolation.

(I) Vapor Pressure ................. Pv

(2) Vapor/Liquid Kinematic Viscosity Ratio... , . _v/_

(3) Wicking Height Factor ............. H E
P_go

(4) Liquid Transport Factor ............ N_ _ _£

Operation at vapor pressures above O.l arm is generally desirable to avoid excessive

vapor losses. When high axial heat fluxes are applied (e.g. heat recovery) operation at

temperatures above the normal boiling point n_y be required to avold entrainment or sonic

limits. Excessive pressures should be avoided to minimize contalnment/creep requirements.
I

In all cases, fluids which have a low value for the kinematic viscosity ratio (Vv/_L) are

desirable to minimize vapor losses.

The wicking height (H) and liquid transport (N_) factors have the most pronounced

effect on heat pipes for aerospace applications. Since the transport capability is

directly .proportional to N_, this factor should be high consistent with other fluid trade-

offs. Generally, the value of N_ reaches a maximum slightly above the normal boiling point

and then drops back to zero as the critical temperature Is approached. The wicklng height

factor is a measure of how well the heat pipe's wick can support a hydrostatic head with

the particular fluid. This parameter is applicable only when body forces are applied and

is significant when evaluating l-g heat pipe performance at adverse elevations or when a

composite wick is primed.
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TABLE I-2. EXTRAPOLATED PROPERTY DATA

EXTRAPOLATED EXTRAPOLATED TEMPERATURE RANGE
PHYSICAL DERIVED FOR EXTRAPOLATION

FLUID PROPERTY PROPERTY [°K]

Hydrogen k 14 + 16; 30 _ 33

Neon _ N¢, H 29 _ 44

Oxygen W Vv_ 55 _ 80

Nitrogen _v Vv/u_ 65 ÷ 80

Argon _ N_, H go ÷ 150

Propane _v* W/_¢ * ,

k 323 _ 367

Methane _Z,Uv _v/u_ gl + 100

k 91 + 100

Freon - 14

Ethane

Freon - 13

Freon - 21

Freon - 11

_tha¢iol

_v

Uv _v/_

o Nz, H

k

Uv Vv/V_

Uv _vl_z

k

_v _vl_

Uv/Vc . !0o - ISO

100 * I90

100 * 140

100 * 130; 280 ÷ 305

163 + 190

213 _ 280

290 _ 450

300 _ 413

273 _ 333

*No Data

J
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Table I-2

FLUID

Toluene

Acetone

n-Heptane

Ammonia

Xylene

Mercury

Dowtherm E

Water

Benzene

Ceslum

Potassium

Sodium

Lithium

Continued

EXTRAPOLATED
PHYSICAL
PROPERTY

Pv*

k

o

bE

k

_L, _v

_v*j _v*

Uv

o

None

k

None

k

k

UL

Pv

k

EXTRAPOLATED
DERIVED

.PROPERTY

N_, H

Vv/Ve,

vvlv_

vvlv_*

_vt_c

_,H

TEMPERATURE RANGE
FOR EXTRAPOLATION

['KI

433 _ 475

390÷ 475

350 ÷ 475

333 _ 473

200 ÷ 240

280 _ 290

280 _ 300

470 _ 560

1500 * 1800

1400 - 1500

1800 + 2100

500 _ 800

500 _ 600

1800 - 2100
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Since pressure containment of superheated vapors can be an important consideration,

particularly with cryogenic and low temperature fluids, constants for the Beattie-

Bridgeman Equation of State that are available for the Group l fluids being considered are

listed in Table I-3. The use of these constants and the Beattie-Bridgeman Equation is

described in detail in Chapter 4 of Volume I of this manual.

The physical and derived properties that are listed in Table l-4 have been tabulated

as a funct.ion of temperature in Sl units in Appendix C.

where

The _onic limit and laminar flow limits are defined as follows:

Sonic 2 (y + I) (I-I)

Av - vapor flow area

Qv " vapor density

- latent heat

y • specific heat ratio

R - gas constant

I_v)Ohv Lain' 2200 _v _ (1-2)

The sonic limit as defined by Eq. l-l is based on a Mach Number of l.O. Applications

where the axial heat flux is more than 50% of the sonic limit will generally experience

temperature drops associated with compressibility effects. The laminar flow limit is

defined as the flow condition where the Reynolds Number of the vapor exceeds 2200. Vapor

losses associated with transition or turbulent flow regimes will be experienced at heat

loads which are greater than that determined from the laminar flow limit.

The property data has been tabulated using the Heat Pipe Fluid Properties Program

(HPF) which is described in detail in Appendix B. This program can be used to generate

property data for any other fluid at the user's discretion. A polynomial regression

method which utilizes both linear and logarithmic polynomials is used to curve fit the

specified physical properties. In addition to tabulating the data, HPF generates the

curve-fit coefficients for the individual physical properties. These coefficients can

be used independently with the appropriate polynomial when performing paFametric heat pipe

calculations that are temperature dependent. Finally, the program also determines the J

18
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TABLE I-3. CONSTANTS FOR THE BEATTIE-BRIDGEMAN EQUATION OF STATE(16)

GAS Ao a Bo b 10-4 x c

Ammonia 2.3920 0.17031 0.03415 0.19112 476.87

Argon 1.2907 0.02328 0.03931 0.0 5.99

n-Butane 17.7940 0.12161 0.24620 0.09423 350.00

Ethane 5.8800 0.05861 0.09400 0.01915 90.00

Helium 0.0216 0.05984 0.01400 0.0 0.0040

n-Heptane 54.5200 0.20066 0.70816 0.19179 400.00

Hydrogen 0.1975 -0.00506 0.02096 -0.04359 0.0604

Methane 2.2769 0.01855 0.05587 -0.01587 12.83

Methanol 33.3090 0.09246 0.60362 0.09929 32.03

Neon 0.2125 0.02196 0.02060 0.0 0.101

Nitrogen 1.3445 0.02617 0.05046 -0.00691 4.2

Oxygen 1.4911 0.02562 0.04624 0.004208 4.8

Propane 11.9200 0.07321 0.18100 0.04293 120.00

Units: Pressure in atmospheres; volume in liters/gm-mole; temperature in
OK; R'= 0.08206 atm-liters/gm-mole - OK

19
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TABLE I-4 TABULATED PROPERTIES

SYMBOL

T

Pv

PL

H

Vv/_ L

(Q/A)sonic

(Q Dh/A)Lam

k

PROPERTY

Temperature

Vapor Pressure

Vapor Density

Liquid Density

Liquid KinematicViscosity

Surface Tension

Latent Heat

Liquid Transport Factor

Wicklng Height Factor

KinematicViscosity Ratio

Sonic Limit

Laminar Flow Limit

Liquid Conductlvlty

UNITS

"K

N/m2

kg/m3

kg/m3

m2/s

N/m

J/kg

W/m2

m2

W/m2

W/m

W/m°K

J

ZO
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TABLE I-5 AVERAGE PERCENTAGE ERROR FOR FLUID PROPERTY DATA

NAME Pv _£ I_£ £v _v o l k No~ H Uv/u£

Oxygen 0.3 1.9 2.0 1.6 2.3 0.5 1.5 1.1 5.0 1.7 2.9

Nitrogen 0.02 0.2 0.4 0.8 1.0 0.2 0.4 0.2 0.8 0.3 1.1

Argon 0.0 0,3 0.3 0.7 0.3 0.2 1.0 0.3 1.8 0.2 0.9

Propane 0.2 0.3 1.6 0.9 N/A 0.5 1.0 0.3 2.7 0.7 N/A

Freon 14 0.3 0.04 0.1 0.2 0.06 0.5 0.1 0.7 0.5 0.5 0.4

Ethane 1.6 1.5 3.2 3.9 2.8 1.1 1.8 0.4 2.7 I.I 3.5

Methane 0.3 0.5 1.1 1.3 1.9 1.2 1.6 1.3 2.5 1.1 1.4

Freon 13 0.1 0.1 o.g 0.1 0.5 l.B 0.2 0.2 1.7 1.7 1.2

Butane 0.9 0.I 0.1 0.I 0.2 0.1 0.2 0.1 0.2 0.1 0.2

Freon 21 0.2 1.7 6.7 3.4 3.8 3.9 3.9 0.5 9.2 5.2 6.2

Freon 11 0.1 0.0 0.3 0.I 0.1 0.1 0.0 0._ 0.3 0.1 0.4

Methanol 1.1 0.4 1.2 1.4 0.0 0.1 0.3 0.1 1.7 0.5 2.7

Toluene 2.0 O.3 O.7 N/A O.1 O.1 O.0 O.2 O.6 O.2 N/A

Acetone 0.6 0.0 0.1 2.0 2.6 0.0 0.0 0.0 0.1 0.0 4.4

Heptane 0.1 0.I 0.6 1.7 0.1 0.3 0.0 0.1 0.5 0.2 2.2

Ammonia 0.I 1.7 2.0 2.9 2.6 3.3 1.2 0.I 3.7 4.3 0.8

M-xylene 0.4 0.1 1.0 N/A 0.0 2.2 0.1 N/A 2.0 2.1 N/A

Mercury 1.9 0.4 0.3 3.2 0.4 0.4 0.0 0.0 0.8 0.5 2.9

Dowtherm E 3.8 0.1 3.1 5.0 0.8 0.2 0.1 0.8 3.0 0.2 5.1

Water 0.1 0.4 0.3 0.5 1.5 0.6 O.S 0.5 0.6 0.9 1.7

Benzene 0.0 0.4 "1.5 0.6 0.4 1.2 O.B 0.0 3.4 1.2 2.0

Dowtherm A 1.6 0.1 0.3 0.8 0.2 0.1 0.2 0.3 0.5 0.1 0.8

Cesium 2.0 0.2 0.2 1.6 0.3 0.6 0.0 0.2 0.7 0.6 1.7

Potassium 3.1 0.0 1.2 3.4 0.2 0.0 0.0 0.1 1.2 0.0 2.3

Sodium 2.5 0.0 1,0 2.3 0.2 0.0 0.1 0.0 1.0 0.0 1.5

Lithium 2.8 0.0 0.4 2.6 0.2 0.0 0.1 0.1 0.4 0.0 2.2

Silver 1.8 0.0 0.3 1.8 0.0 0.0 0.0 0.0 0.3 0.0 1.8
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standard deviation and the percentage of error between the specified data and the poly-

nomial curve-fit. The average percentage error which is defined as the linear average

of the data over the temperature range is presented in Table I-5 for each of the fluid

properties.

Y
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CHAPTER 2

COMPUTERCODES

A number of heat pipe computer programs have been written over the past ten years.

These codes are listed in Table 2-I along with the investigator and other relevant infor-

matlon. Most of these codes that are avallable are used to predict the hydrodynamic

behavior or maximum transport capability as a function of specified wick and fluid

properties. In mpst cases the code is limited to a specific wick type such as GAP which

was developed for axially grooved geometries. HPAD and MULTIWICK are relatively versatile

in that they consider a number of different wick designs. None of these codes as presently

developed are able to predict heat pipe performance with a gravity assist as would be the

case in many commercial applications.

GASPIPE 2 and VCHPA are both applicable to the design and analysis of gas controlled

variable conductance heat pipes.

conduction and mass diffusion.

can be handled with GASPIRE 2.

GASPIPE 2 is more extensive and incorporates both axial

Either active or passive control with hot or cold reservoirs

In addition to these codes, a number of subroutines have

been developed for use in conjunction with existing thermal programs to define steady-state

and in some cases transient heat pipe behavior.

Recently, Kamotani (1) completed a Thermal Analysis Program for Axially Grooved

Heat Pipes (HTGAP), This program can be used to predict both evaporator and condenser

film coefficients for a specified groove geometry and heat pipe operating condition.

This is the first code to consider in detail two-phase heat transfer coefficients for a

given heat pipe wick geometry. In addition, the program predicts various heat transfer

aspects of axially grooved heat pipes,

23
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APPENDIXA

INTERNATIONALSCIENTIFICUNITS

AND

CONVERSIONFACTORS
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TABLE A-I COMMON UNITS OF THE I_ITERNATIONAL SCIENTIFIC SYSTEM

Physical Qaantit_, Name of Units

Basic Units

Length meter m

Mass kilogram i_
Time second s

Electric current ampere A
Temperature kelvin K

Derived Units

Area square meter m 2
Volume cubic meter m s

Frequency hertz Hz (s")

Density kilogram per cubic meter kg m "5
Velocity meter per second ms-'

Angular velocity redian per second rad s"

Acceleration meter per second squared m s -_

Angular acceleration radian per second squared rad s"2

Force newton N (kg m s"2)

Pressure newton per sq. meter N m "_

Kinematic viscosity sq. meter per second m" s"

_)ynamic viscosity newton-second per sq. m N s m "z

Work, energy, quantityof heat Joule J (_Nm)

Power watt W (J s")

Electric charg e coulomb C (A s)
Vottage, potentialdiff., Emf. volt V (W A-')

Electric resistance ohm f/ (V A" )
Entropy joule per kelvin J K"

Specific heat Joule per kilogram kelvin J kg"K-'
Thermal conductivity watt per meter kelvin W m"K-'

Radiant intensity watt per steradian Wsr-'

j_

Supplementary Units

Plane angle radian rad
Solidangle steradian " sr

J

28
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A-2 CONVERSION FACTORS

1. LENGTH

Units

lm
Ic_
1 ft
1 in

2.

Unlt._.__Es

I m2
I c_2
I ft2
1 tn 2

3. VOLUME

Im3
I cm3
I ft3
I in3

4. MAS__.._S

Unlts

I kg
Ig
I Ibm
1 ounce

5. DENSITY

Units

I kg/m3
I g/cm3
1 lbm/ft 3
1 l bm/in 3

m

• 1
• 10-2
• 3.048 x 10-1
• 2.54 x 10 "2

m2

- 1
. 10-4

" 9.290 x 10-2
• 6.4516 x 10 -4

• I
• 10-6

• 2.832 x 10-2
" 1.63g x 10-5

- I
• 10-3
- 4.$36 X 10"1
• 2. 835 X 10"2

• 1
• 103
• 16.02
• 27.68 X 103

cm

102
1
3.048 x 101
2.54

104
I
929.03
6.4516

 m_33
106
1
2.832 x 104
1.63g x I01

£

103
1
4.536 x 102
2.835 x I01

10-3
I
1.602 x 10-2
27.68

f_

3.281
3.281 x 10-2
1
8,333 x 10-2

ft2

I0.764
1.0764 x 10-3
I

6.944 x 10-3

ft_. 3
3.532 x I01
3.532 x 10-5
I
5.787 x 10 -4

2.205
2.205 x 10 -3
I
6.250 x 10"2

6.243 x 10-2
62.428
1
1.728 x 103

39.37
3.g37 x 10"1
12
I

tn 2

1550
0. i55
144
1

tn.._3

6.102 x 104
6.102 x 10.-2
1.728 x 10_
1

o_3_z

35.274
3.527 x 10-2
16
1

3.613 x 10-5

.613 x 10-2•787 x I0 -4
1
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A-2 Conversion Factors, Continued

f

1

10.

11.

FORCE

Units N

IN - I
I dyne m 10-5
•I Ibf " 4.448

PRESSURE

Units N/m2

1N/m 2 = 1
I Arm - 1.013 x 105
1 mmHg (Tort) - 1.333 x 102
1 Psi = 6.895 x 103

8. SURFACE TENSION

Units N/m

I N/m -
I dyne/cm = ,0-3
I Ibf/ft - 14.59

9. DYNAMIC VISCOSITY

Units

I Ns/m2
1 Poise*
I Ibm/hr-ft
11bfs/ft2

dyne ]bf

105 2.248 x 10-1
1 2.248 x 10-6
4.448 x 105 1

9.869 x 10-6 7.501 x 10-3
1 760

,316 x 10-3 1.805 x I0 -2 51.715

dyne/cm lbf/ft

103 6.854 x 10-_
1 6.854 x 10-5
1.459 x 104 I

P
= 1 10
" 0.1 1
• 4. 134 x 10-2 4. 134 x 10-1
• 4. 794 x 101 4. 794 x 102

* I Polse • I dyne/s/cm2 = 1 gls/cm

lbn/hr-ft

2.419 x 101
2.419
]
1.16 x 105

KINEMATICVISCOSITY

Unlts m2/s stoke ft2/hr

I m2/s • I -4 104 3.885 x 104

_ st_ke = 10 1 3.885ft(/hr • 2.581 "x 10-5 2.581 x 10"1 1

ENERGY

Units _ kwhr ca__l

1J = 1 2.778 x 10-7 0.239
I kwhr • 3.6 x 106 I 8.604 x 105
I cal = 4.184 1.162 x 10-6 I
I BTU = i..055x 103 2.931 x 10-4 252.16

Psf

14.696
1.934 x 10-2
1

lbfs/ft2

2.086 x 10-2
2.086 x 10-3
8.621 x 10-6
I

BTU

).478 x. 10-4.412 x 10j
3.966 x 10-3
1

/
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A-2 Conversion Factors, Continued

12. LATENT HEAT

13.

14.

units ca]/g

1J/kg = I 2.390 x 10-4
1.caI/g - 4.184 x 103 1

1BTU/lbm = 2.324 x 103 5.567 x 10"1

ROWEE

Units _ BTU/hr

I W = I 3.411
I BTU/hr - 2.932 x IOSI I
1BTU/s = 1.055 x 103 3.6 x 103

HEAT FLUX

Units W/m 2 Kcal/hr-m 2

1W/m 2 = I 0.860
i Kcal/hr-m_ = 1.163 1
I BTU/hr-ft z = 3.152 2.713

15. THERMAL CONDUCTIVITY

16.

Units W/m-_ cal/s-cm-K

1W/m-K - 1 2.389 x 10.3
I cal/s-cm-K = 4.186 x IO2 1

I BTU/hr-ft-F = 1.730 4.134 x 10-3

SPECIFIC HEAT

Units _ gcal/g-C

I J/kg-K = I 2.390 x 10-4
1 gcal/g-C = 4.184 x 103 I
1BTU/lbm-F = 4.184 x 103 1

17. HEAT TRANSFER COEFFICIENT

Units Wm_-G" Kcal/hr-m2-_

I W/m2-C 2 " I 8.598 x I0"I
I Kcal/hr-m;C= 1.163 I
1BTU/hr-ft_-F " 5.678 4.883

BTU/Ibm

4.303 x 10-4
1.796

9.479 x 10 -4
2.778 x 10 -4
1

BTU/hr-ft 2

0.317
0.369
1

BTU/hr-ft-F

5.780 x 10"I
2.419 x 102

I

BTU/lbm-F

2.390 x 10-4
I
I

BTU/hr-ft2-F

1.761 x 10-I
2.048 x 10"I

I
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APPENDIX B

-f

USER'SMANUAL

FOR

HEAT PIPE FLUID PROPERTIESPROGRAM
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This section describes the utilizationof the Heat Pipe Fluid Properties Program

(HPF) which is used to tabulate the thermophysicalproperties of various heat pipe

working fluids at saturation conditions. Derived properties such as the liquid transport

factor, wicking height factor, etc. are also calculated and tabulated by the program. A

least square curve fit is used to determine the coefficients of the polynomial which best

flts the specified physical properties. The polynomialsare then used to generate fluid

property data versus temperature. The coefficients of the least square polynomial for

each set of physical properties is also generated as well as the standard deviation and the

percentageof error between the input values and the calculated values. This error

analysis is performed for both physical and derived properties.

B.I MATHEMATICAL FORMULATION

B.].I General Theory

The polynomialof degree m-l which can best fit the input physical properties as a

function of the fluids saturation temperature is:

m-1
f - Z Ai Ti (B-I)

I-0

In thls program a least square curve fit is employed to determine the coefficients Ai.

The program can simultaneouslydetermine the coefficients of up to eight different

physical properties for a given fluid. The maximum degree of polynomial whicB can be

•handled in this program Is eleven. The recommendeddegree in terms oT a satisfactory

data fit with practical computer storage and reasonable computation time Is five.

Certain fluids may have some of their physical properties (e.g. ethane pressure, oxygen

pressure) varying rapidly over part of the temperature range. In such cases the natural

logarithm of the property is utilized in the least square polynomla1. Then

m-1 (B-Z}Tm-Zf - r
I-0

i
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Once the coefficients are determined by the regression method defined in the next

section, the individual fluid properties are calculated using either Eq. B-l or B-2.

Property data presented in this Handbook was generated using fifth order polynomials in

either of these equations. The natural logarithm was used to calculate pressure and

vapor density for all fluids.

B.I.2 Formulation of the Regression Equation

The multiple regression of y upon a single variable x is

n

y • blxI + b2x2 + --- + bnxn = _ bjxj
J=l (B-3)

If Yi is the ith observed value of y, the task is to minimize the sum of squares

r f

n m

S = £ (Yi " _ bj xij) 2 (B-4)
i=z j=z

_S
Setting _--6T-" • 0 for k - l, 2, ---, m, we obtain the system of normal equations.

"-k

o(° )
:[-1 J-l

m n n

"_E_b_'i_ _I XlkXl_ " I'lIE: xlkY i (B-6)

The system of normal equations (B-6) can then be rewrCtten in the equlva]ent matrix form

t t
x .x.S - x .y (B-7)

which has the solution

B = (xt.x)-l.xt.Y

where x in the n x m matrix containing xij

are column vectors

!

( ) I,I)Xll !m , Y
m " m °

xn I . Xn Ym

(B-B)

in its ith row and jth column, and Y and'B

B m CB-9)
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(Xt, X) is the matrix of the coefficients of the normal equations.

(Xt, Y) are the constant vectors for the normal equations.

For the simultaneous calculation of a set of L different properties, the column

vectors B and Y become the m x L matrix

I (bllbL1y._ • • ; s- " " (B-lO)

Yml "YmL bml "'bmL

The matrix B which contains the coefficients of the regression equations is calculated

using a matrix inversion of the matrix (xt.x) and multiplying (xtx) "l by (xt.y).

B.1.3 Standard Deviation and Error Percentage

The standard deviation o is calculated from

I1

c yi2- z" i.yi
(_ = 'Y " Bt'xt'Y m -I 1

n -- m U -- In (B-11)

where Yi is the observed value at the ith observation and _i

the im observation.

is the calculated value at

The error percentage at each observation is defined as:

Y:[ (B-12)

The average percentage of error is the arithmetic mean of the individual error percentages.

)
_J

B.2 PROGRAM DESCRIPTION

A listing of the program is pcesented in Appendix B-l. The program was written

in FORTRAN HI and was designed to operate on the I_4 360 system. The FORTRAN names and

the physical quantities they represent are listed in the input description section.

The program is composed of a MAIN program and six subroutines (FITPRO, LSQPOL, SYMPDS,

ERROR, HEAD, TAIL). The flow charts of the )4AIN program and its subroutines are presented

in Figs. B-l through B-5.

_i"
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FIG. B-I MAIN PROGRAM

Read

FLUID, GAMe, WEIT, IN'I" 1

Read I
NMAX, N, L, MMAX, |

[ LOGG, STEP |

FIG. B-2 SUBROUTINE FITPRO

Read Temperature _ IFluid Properties (y)

,
• Initialize the weighting

factors

I y(I,J) : LOG (y(I,J)) I

1
I CoilLSQPOLI

Call HEAD to
print the headingI

i

calculate physical Iproperties

No
use of log.

I y(I,J) : Exp (y(I,j)) I

! Icalculate the

derived properties

t
I print the fluidproperties

t
I Call TAIL

T
I CalI ERROR

Y
[ RETURN
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FIG,B-3 SUBROUTINELSQPOL

Initialize error parameter
IERR - 0

of properties
Input > polynomial degr( IERR = I_-_ RETURN I

1 welgh_ng IERR -2_-_ RETURN.I

compute the coeff, of
the syst. of normal Eq

T
compute the matrix of
constant vectors to the

normal equatl ons

I i

I call SYMPDS to solve Ithe system of normal Eq

jr
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FIG. B-4 SUBROUTINE SYMPDS

START I

PERFORM CHOLESKY DECOMPOSITION ON
MATRIX OF COEFFICIENTS OF THE
NOI_IALEQUATIONS (A --L.D,Lt

i
COMPUTE THE INVERSE OF ,MATRIX L

I COMPUTE THE INVERSE OF MATRIX I

I

Lt

I

I ICOMPUTE THE INVERSE OF MATRIX A

FIG. B-5 SUBROUTINE ERROR

I Calculate derived property from Iinput data

Calculate physical property and
their derived property using the

least square equation

I Calculate standard deviation I

t
I Calculate the percentage of error I

l RETURNI
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B.2.1 Subroutine Description

(l) MAIN

Basically the MAIN program reads the input data (IFLUID, GAMA, WEIT,

NMAX, N, L, MMAX, M) and calls subroutine FITPRO to perform the polynomial

regress ion.

(2) Subroutine FITPRO

The purpose of FITPRO is to calculate the least square polynomial equat1"ons,

and generate and print the fluid property data. It requires the use of the

following subroutines: LSQPOL, ERROR, HEAT, TAIL.

(3) Subroutine LSQPOL : : :

The purpose of LSQPOL is to determine the coefficients of the least square

polynomials of degree M-I which best fit the set of L physical properties

associated with N values of the temperature.

(;$),

First, LSQPOL computes the coefficients of the system of normal equations

and the constant vectors to the normal equations. Then LSQPOL calls sub-

routine SYMPDS to solve the system of normal equations, thus returning the

coefficients of the least square polynomial.

Subroutine SYMPDS

The purpose of SYMPDS is to solve the matrix equation A.x = B where A is a

symmetric matrix and B Is a matrix of constant vectors.

First SYMPDS performs the Cholesky decompositfon on tBe coefffclent matrix A

and breaks it into the product of a unit lower triangular matrix L, a

diagonal matrix D, and the transpose of matrix L, _.e.

A - L.D.Lt (B-13}

The inverse of the matrix L is then calculated followed by the calculation

of the inverse of matrix A, where

A"I = Lt'I'D'I'L "l (B-14)

Finally, the solution of the matrix equation is calculated as

x - A'I.B (B-15)
j_
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is) Subroutine ERROR

The purpose of ERROR is to calculate and print the standard deviation and

the three different ERROR percentages (minimum, maximum and average)

between input values and calculated values.

(6) Subroutine HEAD

The purpos_ of HEAD is to print the heading of the fluid property table.

(7) Subroutine TAIL

The purpose of subroutine TAIL is to print the coefficients of the regression

equations.

B.2.2 Input Description

Table B-l describes the entries to be made on the various input cards. The input

cards contain the property data and define the order of the least square pol)q_omial. For

multiple working fluids the sample set-up for input cards must be repeated for each

additional case.

B.2.3 Output Description

The program outputs essentially all the thermophysicai fluid properties as well as

the derived properties. All quantities are tabulated in the SI system for every integer

temperature

(I)

(2)

(3)

(4)

is)

(6)

(7)

The derived

(8)

(9)

(lO)

between the input temperature limits. The physical properties are:

Saturated vapor pressure, p

Vapor density, Pv

Liquid density, p_

Liquid kinematic viscosity, v_

Surface tension, a

Latent heat of vaporization,

Liquid conductivity, k

properties and their definition are

___a
Liquid transport factor, NZ -_j_

Wicking height factor, H -
P_g

Vapor/liquid kinematic viscosity ratio, _v/V_
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(11) Sonic limit (_)sonic = _vX / Y Ro T2(Y+I) M

QDH uv

(12) Laminar flow limit v_-_--2200

The coefficientsof the least square polynomial for each property are output after the

property table for each fluid. If the natural logarithm is employed for the curve fit,

the property is followed by the symbol (LN).
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TABLE B-I INPUT DATA DESCRIPTION

.f
i

Input
Card Format

I AIO
2F10.3

15

2 515

Fortran
Name

I FLUID
GAMA
WEIT

INT

NMAX

M

3 812 LOGG

12

4 F5.1 T
Eg.2 YI

F8.2 Y2

Y5
Y6
Y7

F8.4 Y8

STEP

Description Unit

Working fluid --
Specific heat ratio --
Molecular weight kg/kg-mole

An integer index to denote
whether interpolation is

required.
INT - 0 use
INT f 0 do not use

Maximum number of temperature
elements (independent variable)
(i.e. NMAX - 100)

Actual number of temperature
elements

The number of sets of dependent

variable values

The maximum number of poly-
nomial coefficients to be deter-

mined (MMAX-I is maximum degree
of desired least square poly-
nominal.)

Actual number of polynomial
coefficients to be determined.

(m-1 is maximum deqree of desired
least square polynomial)

An integer index to denote whether
natural logarithm is used for dependent
variable values in the least square

curve fitting.
LOGG = I use
LOGG = 0 not use

Temperature step of output
data (If STEP is not input
the program will assume STEP = I).

Input temperature _ 2
Pressure _im .
Liquid Density kg/m_
Liquid Viscosity N-sec/m3

Vapor Density kg/m3
Vapor Viscosity N-sec/m2
Surface Tension N/m
Latent Heat J/kg
Thermal Conductivity W/m°K
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APPENDIX B-I

PROGRAM LISTING FOR HEAT PIPE

FLUID PROPERTIES PROGRAM

.j'

43



L_VEL 21.6 (DEC 72) OS/36G FORTRAN H

COMEILER OPTIONS - NAME = _ATN,OPT=O2,LTN_C_T=92- SIZ_=_OOnK"
SOURCE,EBCDIC,NOLIST,_ODECK,LOAD,_AP,NOED!T,ID,NOXREF

ISN 0002 SUBPOOTINE FITPRO

$ (_B,C&D,Z,IFLUID, LOGG,L,GAZA,_EIT,M, ZXAX,N,NMAX,I,Y,W,K,ST_P,INT,INB)

ISN 0093
IS_ 000_

ISN 0005

ISN 0006
ISN 0007
TEN 0008
ISN 0039
ISN 0313
ISN 0011
ISN 0012
ISN 0013

ISN 001_
IS_ 0015
ISN 0016
ISN 0917
ISN 001_
ISN 0029
ISN 0921
ISN 0023
IS_ 002_
ISN 0025

ISN 0026

ISN 0027
ISN 0029
ISN 0031
ISN 033
ISN 003_

SN 003_

ISN 0035
ISN 0036
ISN 0037
ISN 0039
ISN 00_0
ISN 00_ 1
ISN 00_2
ISN 00_3
IS_ 00_5

ISN 00_6
ISN 00_7
I SN 0048
ISN 00_9
ISN 0050
ISN 0051
ISN 0053
ISN O055
ISN 3056
ISN 0057
ISN 0059

ISN 0060

ISN 0061

IS_ 0062
IS_ G063
IS_ 006_

ISN 0066

ISN 0067
ISN 0968

ISN 0069

C

C

C

C

C

C

C

C

C

C

C

20 FORMAT
21 FORMAT
22 FORMAT
23 }ORMAT
2_ FORMAT

_$ FORMATFORMAT
28 FORMAT

$

IMPLICIT REAL*q( A-:I, O-Z_ $)
J)IRENSION a (_MAX,M_AX} ,B (Z'_AX, L),C(_.%X,RM AX) ,D(_MAX,MMAX)

$ E (MMAX,MMAX) ,X (N_%X]_,Y (.;:lAX, 14).'_{NMAX ,WK(NMAX)
$ IFLUID (5) ,LOGG(g),STD(I_,_
DATA Z/11H /

F5. I.E9.2,F8.2.5EI0.3,FS._}
//, 10X,101IFLUID NO. ,A4,5A2)

_6'o.IOE,i_.E1o.3,_7._
///27X,I. 5(2H _=).2X,IIHEND OF DATA ,2X,15(2H _} )

6.0,RElI._ A11 E11._,AI0 F7.3)6.0,ElI. g,_ 11,_E 11. _,2AI_,_ I0.3, F7.3)
F6. 1,10EII._,EI0.3,F7.3)

DO 1 I 1 N
READ(5 26) X[I) , (Y (I,3) ,J=1,8)
W(1)=I 0

1 CONTI _E

zz II_T_N_.0_GO TO I_DO 8

zF (LO_C,_)._0.0) GO TO 4
DO 3 I=I .
¥[T,J =D.OG[Y

3 CONTI)UEN [I,J) }

CALL LSQPOL
$ (A,B,C,D,E, IERR,N,NMAX,_,MRAX,L,X,Y,W,WK)

IF (STEP. EO. 0 XT=I
ZF (STEP. ,_.0"I XT=STEP
XI=X (1) -IT
IT=5
IP=0

CALL _EAD (IFLUID}

DO 10 I=1,500
Xl=_T + _T
F (XI.GT.X[N)) GO TO 11

IDO 6 L=1,8
W[L|=O.
DO 5 J=I,M

5 W L)=W L)+B [J L)*XI**(J-1
I_ (LONG (L) .g_. 1) W [L)=DE_PIW(L))

6 CONTINUE

W(9) =W 121 *W(61 *W(71/W (31W 10 W 6 /W 2 /9.9. -, !,I-, I t. Ds .T °A.A*03
W 1131 =w{31/_[ 2[
W{I_}=2200.=W (5) =w(7)_
IF [W(_) .EQ.0.) W(11) =O.

zF w(_}.z0_o. Go TO 2W(_1}=;l__5) W(_) /;/ (3] /W lU,)
2 CONTINU_

uo

7 WRITE (6,21} INB,IFLOID

CALL HEAD (T_LOID)

IP=0
8 CONTI_OE

IF {TT.RE.5} GO TO 9

WRITE (6,22)

IT=0
IP=IP+ 1

10. *XI/WEIT/2 ./(GAMA +1 .) )

9 CONTINOE
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_S_ 0070
ISN 0072
ISN 0373
ISN 0074
rS_ 0075

IS_ 0076
IS_ 3077
rss 0078
Is_ ooq9
IsN oo81
IS_ 0082

TS_ 0083
IS_ 00S_

ISN 0085

IS._ 0086
ISN 0087
ISg 0088

ISS 0089

IS_ 0090

ISN 0091

IS_ 0092
rS_ 0093
IS_ 0394

ISS 0095

ISR 0096
IS_ 0097
IS._ 009S
T SN 00q9
TS_ 9100
IS_ 0101
IS_ 0192
ISN 0103
IS_ 0105
ISS 0106
TS_ 0107

TSS 0108

IS_ 0109
!S_ 0110
TSN 0111
IS_ 0113
ISN 011_
TSN 0115
IS_ 3116
IS_ Ql17

IS_ 01t8
ISN Cl19
ISN 0123
IS_ 0121

c LEAVE A BLANK WRE_ THERE ARE NO DATA AVAIL%SLE
C

I_ (_(_).'_.0.) GO TO 13
W (4) =Z
_{11)=z

WSITE (6,27) II, W(I _
$ ('(L) L'9,12) ,;_ f

, ,; (9)
GO TO 10

13 CONTi' " _',! J ,.,
IF (W(5).NE.O.) GO TO lq
W (11)=Z
W 1_) =Z

1_ CO.'ITIN UE
C

WRIT_ (6,23) }{I,_Cl),WC_.)_,wc2I.W{I_)3$ (W (L) ,L=9,12) ,_ (1_) ,W ),V {6) , W(71 ,
C

10 IT=IT+ 1
11 CONTINUE

WRITZ (6,24}

CALL ERROR (B,L,M, MMAZ, N,NMAX,X,T,G_RA,LOGG, STD, STEP,WEIT)

C

C

C

C
C
C

C

C

CALL TAIL (I_LSIB,R,B,LOGG,R_AX, L,STD)

GO TO 19

CASE _[]_RE NO INTERPOLATION IS NEEDED

15 CONTI_I_E
IT=5
IP=O

CALL HEAD {IFLOID)

DO 19 I=1,_

!(Z,9) _Y (I,2)*T (I,6)_,t{Z,7)/T(_',3)I(I,10) Y(I,6)/T(_,2)/9.8 . -

-i_,,=_=_ ([,a)=¥ (T,7)iOoQRT(GA._AiS3

IF (IP.EQ.9.AND. IT.EQ.5) GO TO 16
GO TO 17

16 CONTINUE
WRITE (6,21) INB,IFL_ID

CALL HEAD (IFLOID)

IP=O
17 CONTI_UR

IF (IT. NE.5) GO TO 18
WRITE (5,22)
IT=0
I P=IP+ 1

18 CO_TI_U_
WRIT_ (6, 28)

$
IT=IT+ I

19 CO:ITIN_E
_ETURN
END

10. _'X (I)/gEIT/2. / (GA._A+I.))

X I ,Y(I 1 ,Y(r,4),Y ,T(r t3) _ (I,71, (i,6) ,,• 12) ,_ (I, lq) ,¥ (I, 9)'

)
J

/
J
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21.6 (DEC 72) OS/36C FORTRAN H

COMPILER OPTIONS - NAME = MAIN,OPT=02.LI'_ECNT=82, SIZE=0_00K-
SOU _CE,EP.CDIC, NO LI3_, ._ODECK,L0 AD,._ AP, RUED IT, ID,_OXREF

ISN 0002 SUBROUTINE SYMPDS (A,B,C,D,_,I_.._,JR.]S,N,_AXN, P)
C

ISN 0303
ISN 000Q

ISN 0005

IS_ 0006
ISN 0007
ISN 00O8
ISN 0009

ISN 0010

ISN 0012

ISN 0014

ISN 0016
ISN 0917
ISN 0918

C*
C*
C"
C*
C*
C"
C*
C*

C*
C"
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*

PURPOSE *
TO SOLVE THE MATRIX _.QUATION AX=B WHERE A IS A SYMMF.-" *
TRTC POSITIVE MATRIX AND B IS A MATRIX OF CONSTANT *
V EC TO MS. *

USAGE *
CALL STMPDS (A, BeC,D,E, IERR,NRHS,N,MAXNeR)

PARAMETE RS

A - A TWO DIMENSIONAL INPUT ARRAY THAT MUST HA_E *
FIRST DIMENSION MAIN AND SECOND DIMENSION AT *
LEAST N IN THE CALLING PROC, RAM. A CONTAINS
THE ELEMENTS OF THE COEFFICIENTS MATRIX *

B - A TWO DIMENSIONAL INPUT-OUTPUT A_AY THAT MUS_ *
HAVE FIRST DIMENSION MAIN A_D SECOND DrMENSION *
AT LEAST NR.RS IN T[!E CALLING PROGRAZ *
AS AN INPUT ARRAY B CONTAINS TH?. -':LEMENTS OF *
THP, MATRIX OF CONSTANTS VECTORS. *
UPON RETURN FROM THE SUBROTJTIN_. THE COLUMN_ *
OF MATRIX B CON',AIH3 T[IE COEFFICIENTS OF THE *
LEAST SQUARE POLYNO_i_AL FOR EACH SET OF *
DEPENDENT VARIABLE *

C,D,E - A TWO D!MF, NSIO._:AL WORK ARRAY WITH FIRST *
DIMENSION MMAX AND SECOND DIMENSION AT LEAST M *
IN THE CALLING PROGRAH *

IERR - AN OUTPUT INTEGER ERROR CODE RETUR_ED BY THE *
SUBROUTINE *
=0 NORMAL RETURN *
=1 COEFFICIENT _ATPIX TS .IOT SYMMETRIC POSITIVE"

NRHS - AN INPUT INTEGER CO;:TAINTNG THE NUMBER OF *
COLUMNS VECTORS OF MATRIX B *

N - AN INPUT INTEGER SPECIFYING THE ORDER OF *
MATRIX A *

_AXN - AN INPUT INTEGER SPEC_TFTIN_ THE MAXIMU_ FIRST *
C* DIMENSION OF THE COEFFTCIP._T MATRIX A AS GIVEN *
C* IN THE DIMENSION S_ATEMENT OF ?'HE CALLING P_OG_AM*
C_ P - A ONE DIMENSIONAL _OR_ A._AYDIMENSIONED AT *
C_ LEAST M IN THE CALLING PROGRAM *

************************************************************************
.C

IMPLICIT RE _L*8(A-H, O-Z,$)
DIMENSION A (._AXN,MAX'I) ,B (MA_N, NRHS) ,C(MAXN,F. AX._{},D('_AXN,_AXN) ,

$ E (._AKN,MAXN) ,P (N)
C

NM I=N- 1
C
C LOOP TO PERFORM CROLESKY DECOffPOSITION OR THE COEFFICIENT
C _ATRIX A (I.E. MATRIX A ;_ILi BE DECOMPOSED INTO THE
C PROD._]CT OF A UNIT LOWE_ TRIANGULAR M_%TRIX (L), A DIAGONAL
C MATRIX (D), AND THE TRANSPOSE OF L
C

DO 6 I=I,N
ZBI=I-1
DO 6 J=l,I
X=A (J, I)

C
C TEST IF COEFFICIENT MATRIX IS POSITIVE DEFINITE
C

IF (%-LE-0-} GO TO 999
C
C DETERMINE IF ELEMENTS ARE ABOVE OR BELOW THE DIAGONAL
C

IF|I. GT.J} GO TO 3
C
C USING TH_ DIAGONAL ELEMENTS OF MATRIX A, THIS SECTION
C COMPUTES DIAGONAL MATR.'X
C

IF (IM1.EQ.O) GO TO 2

DO 1 K=I,I_I
Y=A (T, K|
A [I,K)=Y'P(K)
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IS_ 0019

IS_ 0020

IS_ 0021
ISN 0022

ISg 0023
IS_ 00 2_
IS_ 0026
IS_ 0027
ISN 0028
ISN 0029

ZS_ 0O30
IS_! 0031
ISg 0032
IS_ 0033
IS_ 0034

ISg 0035
rS_ 00 36
IS_ 0037
ZS_ 0038
ISg 0039
ISN 0040
IS_ 0041

IS_ 00_2
IS_ 0043
ISg 0044
ISN 0045

Isg 0046
TS_ 00_7
ISN 0048
ISN O0_g
ZSN O0 50
TSN 0051
ZSN 0052
IS:l 0053
ISN 0054

ISI_ 0055
Isg 0056
ISg 0057
IS_ 0058
ISN 005_
ZSN 0060

ZSg 006 1
ISg 0062
TSR 0063
ISg 0064
ISg 0065

IS_ 0066
IS_ 0067
ISN 006g

1 X=X-¥*A(T,K)
C

2 CONTINUE
C
C COMPUTE INVERSE OF DIAGONAL _ATRIX D**-I=?
C

C
C USING THE LOW?.R TRIANGULAR ELEMENTS OF _iZRrX A, THIS
C SECTION CO_POTES T_E LOWER TRIANGULAR MATRIX
C

3 JM.I=J- 1
IF (JMI.EQ.O) GO TO 5
DO _ K=I.JM1

X=I-A (I,KI*A (J,K)A (I.J)=X
6 CONTINUE

C
C SECTIO_ TO COMPUTE THE IDENTITY _&TRIX C
C

DO 7 I=1,,_
DO 7 J=I,N

7 C(I.J)=O.
DO B I=1,N

8 C(I,I} =I.0
C
C SECTIOM TO COMPUTE THE INVERSE OF MATRIX L
C

DO 11 Z=2,g
IMI:I-1
DO 11 J=I,N
X=C I,J)
DO 10 K=I,I_I

10 X=X-_(I.K)*C(E,O)
11 C(I,J)=X

C
C SECTIO_ TO COMPOTE THE INVERSE OF L TRANSPOSE
C

DO 12 I=l,g
DO 12 J=I,N
D (I.O)=C (J, I)

12 CONTINUE
C
C SECTION TO CO Mg_TZ THE INVERSE OF MATRIX A
C

DO 13 I=I,R
DO 13 J=I_N

i=l,{,/wit,# J.P

00 15 J=I,N
X=O.
DO 14 K=1,g

14 X=I+D(I.K)*C(K,J)
15 E (I,J) =X

C
C SECTION TO CO_UTE /=A**-I*B
C

DO 18 I=l,g
DO 18 J 1,_]RHS
X=O.

0_0 !7 K=I,_';x x+_(z._l-B(_,J)
18 C(I,J) =X

C

DO 19 I--1,_
DO 19 J I.gRHS

19
RETOR_

C
999 IERR=I

RETURN
END

)

J
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I_VEL 21.6 (DEC 72) 0S/36C FORTRAN
I-

COMPILER OPTIONS - ._A_C= _AIN.OPT=O2,LINEC.T,=82,SIZZ=O_O_F.
SOU ?,CE, EBCDIC, NOLI_?, NOD ECK, LOAD, 9 AP, NOESIT, ID, NOXREF

ISN 0002 SUBROUTINE L_%:POL
$ {A,B,C,D, E, IERR,N,N_AX,M,M.'_AX,L,X,Y,W, WK)

C
C

C" i
c* PURPOSE
C* TO D_TERMIME TF{E COSFFICIE_4TS OF THE L_AST SQUARES $
C a POLYNO'IIAL OF DEGREE M-I w_{ICH BEST FI.S THE SET (L) .m,

OF DEPENDENT VARIABLE (Y) 7ALUZS ASSOCI_=D WITH N *
VALUES OF AN INDEPENDENT VARIABLE X. *

ISN 0003
ISN 000_

C i

C*
Ce
C i

IS_ 00O5
ISN 0006

i

USAGE ,
C*" CALL LSQPOL{AeB,C, DeEeTERR, N,NMAXeff,MMAX,L,X,Y,W,gK) *
C* *
Ci P_R_METERS *
C* A - A TWO DTMENSTONAL OUTPUT ARPAY CO WTAINING I'
C* THE COEFFICIE,'_TS OF THE _OR_AL E RUATTO[_S. A *
Ci MUST }[AVE FIRST DI.gENSION MMAX A'_D SECOND $
C* DIMENSION AT LEAST M TN THE CALLING PROGRAM i
C* B - A TWO DI.MENSIO_ OUZPUT _RAY WHDSE COLUMNS *
C* CONTAIN THE _OLY:_OM:AL COEFFTCIE_'S IN ORDER i
C* OF I:]CREASING DEGRE_ FOR EACH SE_ OF DEPEND_NT *
Ca VARIABLE VALUES. :3 M_T /?AVE FIRST DIMENSION *
C* MMAX AND SECOND DI_RNSION AT LEAST L I_ TEIE
C i CALLING P_qOG RA_. i.
C* C,D,E - A TWO DI._ENSIOSAL WORK ARR.%Y WITH FIRST *
C a DIMENSIO:; a'¢AX AND SECOND DISENSION AT LEAST M *
C i IN THE CALLING PPOG_AS i
Ci IERR - AN OUTPrST INTEGER ERROR CODE RETURNED B! THE *
C* ROUTINE. IERR SHOULD BE TESTED BY THE USER •
C i UPON RETURN TO TIIE CALLIN_ PROGRAM *
C* =0 NOR HAL R-_TUGN *
C_ =I THE DEGREE OF THE DESIRED LEAST SQUA._E *
C* PCLYNO._IAL M-I IS _OT STRICTLY LESS THAN *
C _, THE NUMBER OF DE_EN_Eq'_ VARIABLE VALUES N i
C* -2 ONE OR SORE OF THE WEIGHTING FACTOR IS *
C* NEGATIVE *
Ci N - AN INPUT TNTEGER S?ECIFYI'_r. THE ACTUAL NUMBER *
C* OF ELE;_ENTS OF THE I:_DEPE_DENT VARIABLE X *
Ci NMAX - AM INPUT I_TEGE_ S_"ECI_YTNG m[(_ MAXIMUM NUMBER *
C* OF ELEMENTS OF TIIE T_DEPEqgENT VARIABLE X i
C* M - AN INPUT INTEGER SP_CIFYTN[_ THE ACTUAL NUMBER *
C i CF POLYNOMIAL COEFFICIENTS TO BE DETERMINED *

C* _I.E. _-I IS TH?. ACTUAL DEG_ER OF THE DESIRED *C* EAST SQUARE oOLY_O_IAL.) i
C* MMKI - AN INPUT INY.G_. o..CI.YIN, ,H..AXI,_U_ NU_B,R
C* OF POlYNOMIaL COZFFICT_.:_TS TO ._E DETERMINED *
C* L - AN INPUT INTEGER SPECIFYING THE _U,_BER OF SETS *
C i OF DEPENDEN? VA_TA_SL _- VAL_JE_ *
C* I - A ONE DIMENSIO:_AL IN PUT ARRAY ;HDSE ELEMENTS i
Ci CONTAI_ THE INDEPZ::DENT VARIABLF.. X MUST BE *
C* DIMENSIONZD AT LEAST N IN THE CALLING P_OGRAS *
Cl Y - A TWO DI.gE_SIONAL Tg_UT ARRAY WHDSE COLU_'_S *
Ci CONTAIN THE SET OF DEP_NDE'._T VA,_!ABLE VALUES ,
C i Y _UST HAVE FIRST DIM_NSIO.'! '_MAX AND SECOND i
Ci DIMF.NSION AT LEAST L IN T'I_ CALLI_TG PROGRA _. *
C.$ W - A ONE DIMENSIONAL INPUT A_RAY 9I._ENSIONF.D AT i
C* LEAST N IN THe. CALLT:_: PROGRAM CONTAINING THE *
Ci • DATA WEIGHTING WET q'_TING FACTOR $
CN. WK - A ONE DIMENSIO:_AL WSRK ARRAY DIM?NSIONED AT a
C _, LEAST N IN T_Z CALLING PROGRAM i
C* .
Ci REQUIRED SUBROUTINES
Ci SUBROUTINE SY_PDS(A,B,C,D,E,IERR,NRHS,N,,gAXN,P) i

i
C i
C aa illiiii &iii lllillll ii iia iilailli ililli $ _lli* i** ** $ ii il illi lllii41 a tlllll i ilia allt ill i Ill ill Illa aa jill

C
C

IMPLICIT REAL*B(A-ffiO-Z_$)
DT_ENSION A(MMAX,MMAX), (,99AX, L),C(M.gAX/_.gAX),D(M.gAX,MHAX),

E(MMAX,M_gAX),X(?I_AX),Y (N.gAX, 1i), W(.'IMAM) ,WK(NMAX),
I IFLUID(5) ,LOGG(8)

C
C INITIALLY SET ERROR PARAMETER LP 99
C

IERR=O
IF [N. GE.M) GO TO 1

/,8



TS_ 0008
IS_ 0009

IS,_ 0010
Is,_ 0O 11
IS_ 0013
ISR 001_
ISN 00 1,5

ZS.'I 0016

ISN 0017
IS_ 0018

ZS._ 0019
ISPi 0020
IS_ 0021

IS_ 0022
TS_ 0023
ISN 002_

IS,_ _025I 5"!

ST 002_
IIs_ 002g
IS_l 003O

IS_ 0031
ISN 0032
ISN 0033
TS_ 003_

IS_ 0035
ISN 0036
IS_ O0 37

IS_ 003B

ISN O0 3g
ISl_ 00_0

IERR=!
RETURN

C
C DETERMINE IF ALL I._PUT WEIGHTING F,%CTORS ARE POSITIVE
C

1 DO 2 I=I,N
IF (_(I).GT.O.O) GO TO 2
IERR=2
_ETURN

2 CONTI_0E
C
C COMPUTE THE NUMt3ER OF TE_MS :_CRSSARY TO REPRESENT THE
C. COEF?ICIENT MATRIX OF THE SYSTE.9 OF NORMAL EQUATIONS
C

MC=2_M-I
C
C XNITIALIZE WCRK A_RAT TO ZERO

DO 3 I=16MC3 WK (I) =0.
C
C DETeRMInE THE COEPFICIERTS OF IH_ SYSTEM OF _OR_AL
C EQU&TIO._S
C"

DO _ I=I,N
TERM=@ ,'TERM(I

C
DO _ J=2,.MC
TERM=TE B,9*X (r
WK(J) =WK (J) +T_M

C
C TRANSFER THE COEFFICIENTS OF _ORMAL EOOATIONS FROM
C WORK ARRAY TO A MATRIX
C

DO 5 I=I,M
DO 5 J=I.M

5 A(Z,J)=WK(I*J-I)
C
C IRITIALIZE THE B MATRIX To ZERO
c

DO 6 I=1,i
DO 6 J=I,M

6 S (a,I) =0.0
C
C DET_SMINE T,E CONSTANT VECTORS TO THE NORMAL EQUATIONS
C FOR EACH SET OF DEPENDENT _ARIA3LE 7ALOES TO DETERMINE
C TIIE B MATRIX
.C

DO 7 I=I,L
DO 7 jfl,N
TZRM=W (J)*Y(J,I)
S (1,I) =B (1,I) +TERM

C
DO 7 S=2,M - ;.....

TER_=TER_X _)J)+TER_7 S (K,I) =S (K,

C _ETORNING THE COEFFICIENTS OF THE LEAST _Q(IARES POLYNOMIAL
C

CALL S_.MPDS (A,B,C,D,E,IERR,L,_.,_MAX,_)
"C

RETURN
END
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/

I,_VE L 21.6

ISN 0003

I SN 00_
ISN 0005

ISN 0006

ISN 0007

(DEC 72) 0S/360 FORTRAN H

CO,[::liaR GPTIONS - NA_F.= _ATN.OPT=O2,L!NECNT=R2,SIZ_=_O00_.
SO_CE.ZRCDIC.NOLIS_"_, NODECK,LOAD,_ AP, NO:.D_T, ID,NOXREF

ISN 0002 SUBROUTINE !lEAD {IFLUID)
C

DI_ENSICN IFLUTD{5)
C

C

ZSN 0008
ISN 0009

I FORMAT
$

2 FORMAT
$
$
$
$
$
$
$
$

|
$

RETURN
END

(IHI.///IOX.8HZLUID = ,5A2,T85,1_HB _ _ VERSION ,2X,
7HNOV. 771 2X, 5!_-- NI_.N)

(/ /1"_. T_ I ,6 :JLIQUI D .T7 a ,6}!LY Q UI D ,T85 ,THWTCK TNG ,T96 ,7[IVAP /t Z Q
T107 5H /,% _118,8[! ) DH/A _÷_._T_, __._._._:__o_,_L ,_ _o__o._ _._r _ =.

T52,7 HSURFAC E, T63,6HL_.Z NT.TTa ,griT R_NSPORT, T85,6 HHEIGHT,
T96.gHKINE_ATIC, T107,5HSON_C,T]18, 9HLA,_. ?IOW,T128,
6HLIQUTD/
1X,_[iTEMP_TS.SHP_ESSURs,T19.7HDENSITY.T33 f7HDENSrTY.T_I,
9H?ISCOSi_Y.T52,7[|T_FS_ON.T63,_H[_EAT.T7a, uHFACTOR.T85.
6 8F ACTOR ,Tq6, gHVIS. RATIO, TI 97,5HL r !_YT, T1 1 R, 5HLIM IT, TI 2 8,

_,_"_:"÷_._._,_o._,T_,-,_.,_,,_.,,,T_0,7:,_,,_._,__,
6HSQ M/So_5_.3HN/_,TB3,_HJ/KG,T7_.6F]_/SQ M,T86,_HS_ _,TI07
,6H_/SQ. M, TI 18, ]HW/_, T12 8, 5S_/M-_)
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Z_'VEL 21.6 (DEC 72)

COMPILER OPTIONS

TEN 0002
ISN 0003 DIZENS IO!_

$ I (100) , Y (800) .
$ ,C (1_,

¢
ISg 000_ 10 FORHAT (5A2 2PI0.3
tEN 0005 20 FOE IAT (515:.FI0.3
ISN 0006 30 FORMAT (RI2,F_.I)
IS?I 0007 1 READ (5,10) [FLUID
ISg 0008 IF(gZIT.EO.O.O) GO
ISN 0010 READ (5,2_) q_AX._
IS._ 0011 READ(5,30) ((LOGG(

C
ISg 0012 CALL FITPRO

!
ISg 0013 GO TO 1
ISN O01a 999 STOP
ISN 0015 END

05/360 FORTRAN H

- NA,_ E= _ AI _, OPT=O 2,LI'._EC NT=q 2, SIZE =O000K,
S00RCE. E_CDIC. NOLIS_.NOD_CK.LOA.9,_ %P,NOEDI?,ID,._OXREF

Ce •
C* PAR AHETE_S *
C* *
C* IFL_ID - N.%,_": OF THE _'LSID *
C* GAMA - SPECIFIC HEA? RATrO
C* WAIT - MOLECULAR WEIGH: *
C* INT - A:_ INPUT I._TZ::ZR SPECIFYING THE OPTION USED ('
C* -0 NORHAL RUN •
C • =1 DO NOT N_ZD TO BE [NTZ._POLATZD *
C* STEP - AN INPUT [NTZG3R %PECIF'{I_IG ?HE INCRE_EN_ IN *
C* TEMPERATURE OF TA3ULATED DATA *

C ** ***** **** *** *'*' '*'* ************************* **** **** *** *********'*** ** *
I_PLICIT REAL*8(A-R,O-Z,$)

,,(lOO).A(1 (100) 112o)_) ,D (10,q), :_), £F,..UI D,_ (8) STD5) ,_OGG , (1_ _)

I5,,SX,A_)

,GAHA. WEIT, INT, I_
TO 999
,L,MHAX.R
_) ,I=I,8) ,STEP)

k/K,STEP, I ,_T,I N 3}

\-
/

/
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L_.VEL 21.6 (DEC 72) OS/360 FORTRAN H

CC_FILZR OPTIONS - NAME = MAIN,O_"T=02,LINZCNT=82.SIZ_=�O0_K.
SO[]RCE.EBCDIC,.'_OLIST,'IODZC_,LOAD,MAP, NOED!T,ID,NOX._EF

ISN 0002 SUBROUTINE TAIL (IFLUID,N,B,LOGG,M_AX,L,STD)
C

ISN 0003
IS_ 090_
ISN 0005

ISN 0006

ISN 0907
ISN 300q
ISN 930g
ISR 0010
ISN 00 11
ISN 0012
ISN 0013
ISN 0014
ISN 0015
ISN 0016

ISN 0017
ISN 0018
ISN 0019
ISN 0020
IS_ 00 21
ISN 0022
ISN 0023
IS_ OOffQ
IS_ 0025
ISN 0026
ISN 00-27
ISN 0028
ISN 0029
ISN 0030

-_ "$N 0031
S'l 0O 32

LSN 003q
ISN 0936
ISN 0038
ISN 00._0
ISN 00_I
ISN 00_2
ISN 00_3

ISN 00'_
ISR 00_5
ISN 00=6
ISN 00_7
ISR 00q8
ISN 00_9
ISN 0050
I.¢N 005 1
ISN 0052

ISN 0053
ISN 0055
ISN 0057
ISN 0058
I SN OO59
ISN 0060

IS_ 0061
ISN 0062
ISN 0063
ISN 006_
ISN 0065
ISN 0066
ISN 0067
]TSI_ 006B
ISN OOGq
I SN 0070
TSN 00_I
ISN 0072
ISR 0073
IS_ 007q
"SN 0075
SN 0076

=SN 0077
ISN 0078

C

C

C

C

IMPLICIT RE AL'8 (A-;I, O-Z.S)
DI_ENSICN IFLOID(5).LSG3 (9),B(_MAX,5) ,STD(I_,_),_LOG(9)
DATA ZO,ZI/_H ,_H (i_;)/

11 FOR._AT (IHI_///.10XtgHFLUID = ,LA2,//.15X,
55H_.OE_FICI_NTS FOR A LEAST SQUARE POLYNOMIAL FIT AND ST_N.

i 3_RDARD DEVIATION OF FLUID PROPERTIES ,

$ //T37, 2RAC _ 12X, 2HA I, 12X, 2HA 2, 12X,21[AS, 12X,
$ 2HA" 12X,2BA5 8X 9HSrD. DZV. /}

I_ FORMAT (//T3_.2'tA6.13._,2[IA7,13X.2HAS,13X,2HA�, 13X, 3HAI0,13X,3BA11/)
13 FOR _AT 5X, 8.qPRESSUPE.T 16,A_,T ]C, 7Z I_. 5)

lq FO._HAT 5X, I_HLIQDID DENS_TY.T21%A_,T30.77.1_.5)
15 FORMAT 51,16HLIQUID VISCOSITY.T.3fA_.T30&7EI_.5)
16 FORMAT 5X, I_HVAPOR DENSITY.T21 .A_ ,T30.7: 1_. 5)
17 FORMAT 5X, 16 HVAPOR VlSCOSrTY,T23, _, T30, 7EI_.5|
18 FORMAT 5X,16HSURFACE TENSIO'; ,T23.A_.TS0,7FI_.5)

- r .n T X. 9H.IQUID CCNDUCTIV;TY.;26,A_,T3b,IE1_.5,//////)
21 FORMAT /IT61,7.qAV_AGE.T81,7H_I_'ITMO_,TI01,7H_.AXI_O_,/,T_I, "

$ 8[iSTA NDARD.T61.3 (5HER_OP,, 15 X) ,/, T_ 1,9 HDEV IATION,T61 ,
$ 3(I 0I{PERCE.'_TAGE, 10X) ,///) ......

22 FORMAT 5X, 23IIPRESSURE ,T_O,. EI_ 3.ICX))
23 FORMAT 5X,23HLIQUID DENSITY ,T_9,z= ?,10 3,1CX))
2_ FO_AT 5X,23HLIQUID VISCOSIT_ ,T_0,_ EIO 3,10X))
25 FORMAT 5X, 2311VA_OR DENSITY ,T_0,_ _IC 3, If'X))
z6 E'OR_AT 5X, 23HVAPOR VISCOSITY ,T_0,a F.1C. 3,10X})
27 FORMAT 5X,23HSURFAC_ TENSION ,T_0,q El0 3,10X)}
28 FORMAT 5X,23HLATENT HEAT ,T_3,_ El0 }, 10X)_
29 FORMAT 5X,23HLIQUID CCNDUCTIVIFY ,T_0,_ El0 I_,ICX_)
30 FORMA,. 5X,23ffiIQ. T_ANS_O,_T FACTO_ ,T"9,_ El0 _,IC'X))
31 FOR._AT 5X, 23_WICKING HEIGHT FACTOR ,T_O,u E10 ], le.X))
32 FORMAT 5X,23BVAP_LIQ KIN. _ISCOSTTY ,T_0,_ E10 3,16X)}
33 FORMAT 5X,23HSON.C LIZT. ,T_O,_ El0 3,10X))
3_ FORMA_ 5X,23HLIQ._I_E._ATIC VISCOSITY ,_0,_ ZIO 3,1OX]}
35 FORMAT 5Z,23HLAMINAR FLCW LI_IT ,T_0,_ El0 3,1C X})

DO I L= 1.8

1 IF (LOGG(L) XLOG =Z1
IF (N. GT.6) ._=6"
IF (N:LE.6) M=N
SC=_+
NC=N_I
11=1
I2=_

WRITE
2 WRI?E

WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE

6,13 XLOG(1),(B(J,I),J=II,12),STD(1,1)
6,1_ XLOO (2) , (B (0,2) ,a=I 1,Z2), STD (2, I)

15 _LOG (3), (_ (O,3) ,J=/1,12) ,STD{ ], I)
16 XLOG(:_) ,(B(J,a) ,J=II,I2),STD(_,I}

:17 XLOG(5), (B(J,5) ,J=II,I2),SI'D{5,1)

166":181 XLOG (6, , tl],J,6} ,J=I I ,I2) ,STD f6, 1)19 XLOG (7) , (B (j,7) ,J=I1,I2), STD(7, 1}
|6,20 XLOG (8), (B (a, 8) ,a=I 1,12) ,STD (8, 1)

IF (N. LE.6) 30 TO 3
IF (I1.EQ.MC) GO TO 3
I1=_C
I2=N

WRITE _6,121GO TO

3 CONTINUE
6,21)
6, 22) (STD
6,23) (STD
6,2_ (STD
6,25} (S_D
6,26} (STD
6,27) (STD
6,28} (STD
6,29) (STD
6, 30) (STD
6, 31) (STD
6, 32 ) (ST D

STD
ISTD

(STD

WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE (6,33)
WRITE (6, _)
WRITE (6,35)
RETURN
END

I=1,_)
T=I,_)

5 _=1,_)
6 r=1,_)
7 I=I,_)

9 I=I,U)
10 I=I,_)
11 7=I,_)
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LEYEL 21.6 (DEC 72)

COMPILER

ISN 0002

IS_ 0003
TEN 000_

ISN 0005
ISN 0006
I5_ 0007
ISN 0008
ISN OOO9
ISN 0010
TEN 0011
ISNO012
IS_ 0013
ISN 001_
ISN 0015
ISN 0016
IS_ 0017
ISN 0019
IS_ 0021
ISN 0022
IS_ 0023
ISN 002_
ISN 0025
ISN 0026
ISN 0027
TSN 0028
ISN 0020
ISN 0030
IS_ 0031
IS_ 0032
TEN 003_
IS_ 0035
IEN 0036
ISN 0037
IS_ 0038
ISR 00_0
IS_ 00_2
ISN 00Q3
IS_ 00_U
TS_ 0006
ISN 00,8
ISR 00_9
ISN 0050
IS_ 0051
ISN 0052.

IS_ 0053
ISN 005_

OS/360 FORTRAN ff

OPTIONS - NA_E= MAI_,O_T=O2LLIN_CNT=_2,STZZ=0000K f
SOU.RCE. E_CDIC,NOLI._T,NODZCK,LDAD,_AP,HOZDIT,TD,NOXREE

S03ROUTINE _RROR (D,E,M,M,'IA%,N,N_AX,X,Y,GA_!A,LOGG,SrD,STEP,WEIT)
C 4' w,

C* E'URPOSE =
C _,
C_ TO DETERMINE THE STANDARD DEVIATION A_D THE PERCENTAGE OF =
C_' ERROR OF FLUID 9ROPERTI_S .
C W,
C* PARAMETERS =
C_
C* STD - A TgO DIMENSIONAL OUPUT ARRAY CONTAI._ING THE =
C V STANDARD DEVIAT,O_ AND TffZ PERCEN'rAr, E OF ERROR _,
C_ STD MUST HAVE _I_ST DI:I_NSION THE N[IMBER OF PHYSI- =
C'* CAL PROPERTIRS A'#D THEIR DERIVED _ROPERTIES AND =
C m SECOND DIME}fElON _. =
C" STD(.1) STANDARD DEVIATION •

C'q' STD I i!l AVERAGE PERCENTAGE OF ERROR m
C$ STD MINIMUM PERCENTAGE OR ERROR I,
C= STD MAXIMUM PERC_,NT.%GE OF ERROR 4'
C _,

C
I_PLICIT RE AL _8(A-H, O-Z,$)
DI_E-_SION B (MMAX,L),Z(NHAX),T (N_AX, I") ,STD (I_,_), LOGG(8) ,W (I_)

t"

_ LOOP TO C03PDTE THE STANDARD DEVIATIO_ OF FLUID PROPERTIES
C AND THE PE'GCENTAGE OF ERROR
C

DO 1 I=1,1_
W T) =0.
DC_ 1 J=l,_

I S_O(I.J)=O.
DO 2 I=I,N
DO 2 J=9,1_

2 ¥ (I,J}=0.
DO 7 I=I,N
DO _ L=1,8
W (LI=0.
DO 3 J=1,_

IF(LOGG (L) EQ _I. (L)=DEXP(W
q CONTINDE

W {9) =W (2) *W(6) *W(7)/W(3)
W(10]=g (6)/%(2)/g.9

Y I, )=¥(I,2)*Y(I,6}*Y(I,7)/Y(I,3)
I(I,10)=----Y(I,6)/Y(I,2)/9.8
Y(I,12)=Y[I,_) "Y (I,7)=DSQRT(GA_A.8310.*X(!)/WEIT/2./(GAF. A+I.))

1,13 =Y I 3)/Y I 2)

IF (Y(I,cI).E'.0.}Q GO TO 5
•Y (I, I_1=_Y(_,51 ,z (I,_2)iT('r,31iY (z,_}
w(11)=w(5),;_(/) /w(3)/w(u)

5 CONTINUE
DO 6 J=I,1_
IF Y r,J .E .O.) _0 TO 6

STD (J. 1} =S?D(J, I) .Y (I, J) *(I(l, J) -W (J))
ERR=DABS((Y(T,J)-W (J))*lOO./t_T,J))
IF (ERR. LT. STD (J, 3) ) STD (J, 3)=_RR
IF (ERR.GT.STD (J,_)) STD(J,_) =ERR

STD(J, 2_=STD (J, 2) _-ER R/N
6 CONTINU..
7 CONTINUE

DO :_ J=1,1_
8 STD(J, 1)=DSORT{DABS(STD(J,I)/(N-_)))

C
RETOR_
END
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APPENDIX C

TABULATEDFLUID PROPERTYDATA

\

(Fluids are listed in alphabetical order)
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